Nitrogen is a component of proteins contained in grains and potassium an enzymatic activator in nitrate (NO 3 -) assimilation and contributes to the translocation and storage of plant assimilates. Together they can increase protein contents of wheat grains. This research aimed to evaluate whether the interaction between nitrogen (N) and potassium (K) fertilizations in irrigated wheat in the Cerrado region of the Mato Grosso State increases the content and accumulation of N, K, and protein in wheat grains. The experiment was carried out in the field for two consecutive years (2014 and 2015) in the Federal University of Mato Grosso. It was designed in randomized blocks in 5 2 fractional factorial, composed of combinations between five doses of each of N and K, 13 treatments combinations in total with four replicates. After harvest, the grains were dried to determine the contents of N, K, and protein. The nitrogen content was influenced by nitrogen doses in both years and the accumulation significantly influenced by the nitrogen and potassium doses with an average increase among the years of 55.29% as a function of the potassium application. Nitrogen influenced the accumulation of potassium only in 2015 with effect for potassium in both years. Although there was no interaction between treatments, the influence of K on N absorption was evident. Contents and accumulations of N and K and the content of protein in wheat grains are influenced by N and K fertilizations.
Introduction
The progressive increase in the population will probably increase the pressure on the natural resources of the planet. In 2100, the global population is expected to reach 12.3 billion (Gerland et al., 2014) . Unfortunately, approximately 33% of the soils in the world are currently degraded (FAO, 2015) . Incorporating new production areas is only possible in some countries, aggravating the concern over global food safety. One alternative is to optimize the resources that are being used, increasing the yield per area of the main crops in the world (wheat, corn, rice, soybean), as well as to recover degraded areas with limitations of physical and particularly chemical nature, abandoned for the incorporation of new areas to the production system (Fischer, 2014) .
The dynamics of absorption by and interaction between nutrients in the plants has been the object of study for decades (Smith & Epstein, 1964; Minotti et al., 1968; MacLeod & Carson, 1969) , which did not exhaust the questions on the topic. Currently, there are many studies aiming to better understand the topic to make more efficient the use of the nutrients supplied to crops through fertilizations. For example, in a research testing the concentrations of N, P and K in nutrient solution, it was verified that the higher concentration of P and K provides the highest dry matter yields of "Herta" barley (Hordeum distichon) and that potassium seems to have more effect in nitrogen metabolism than phosphorus (MacLeod & Carson, 1969) . The synergism between N and S maximizes the qualitative parameters of 14 wheat cultivars grown in New Zealand (Luo et al., 2000) . Oosterhuis et al. (2014) show the physiological role of potassium, highlighting the physiological functions that contribute to plant health and increased tolerance to biotic and abiotic stresses with reduced growth and productivity under potassium deficiency in crops. Silva and Trevisam (2015) emphasize the importance of the study of the ionic relations of nutrients, highlighting the interactions of antagonism, inhibition, and synergism between nutrients in soil and plant.
In the soil-plant-atmosphere system, the interaction between nutrients occurs in various simultaneous processes, either in the soil through the precipitation of combinations of elements or in the contact between nutrient and plant cell (Novais & Mello, 2007) ; or in the plant in the moment of absorption (Fernandes & Souza, 2006) , transport, redistribution and metabolism (Taiz & Zeiger, 2013) .
Among the nutrients which are essential to plant growth and development, nitrogen (N) and potassium (K) are required in largest amounts (Oosterhuis et al., 2014) and there is recognized interaction between them in the processes of absorption, transport and accumulation of both nutrients (Engels & Kirkby, 2001; Brito et al., 2014; Coskun et al., 2016) , significantly influencing the yield and quality of crops.
The geographic distribution of wheat (Triticum aestivum), historically cultivated in regions of temperate climate, has changed with the advances in genetic breeding. Currently, wheat can be cultivated with high yield and grain quality in regions with elevated temperatures, such as the Brazilian Cerrado.
The central region of Brazil, dominated by the Cerrado biome, is one of the last areas which can be incorporated in agriculture (Lopes & Guilherme, 2016) , but that does not occur without environmental damages. One form to mitigate this impact is by perfectly understanding the production process of each crop to obtain high yields with quality, in such a way that the opening of new areas is not imperative to increase the production.
Increasing the agricultural production in the Cerrado was not an easy task, due to the endemic conditions. The region, previously occupied mainly by extensive livestock farming and without improved pastures, has had its landscape changed over the years by the technological progress. Soil correction and management, fertilization, plant breeding, and adaptation of new cultivars are examples of tools used to make productive the region which represents 23% of the Brazilian territory (Lopes & Guilherme, 2016) .
Since the expression of production traits in wheat depends on both genetic and environmental stimuli , it is safe to claim that knowledge on crop demand for nutrients and their availability in the soil, among other factors, is essential to promote ideal conditions for full expression of these traits.
This research aimed to assess the effects of combined N and K fertilizations in irrigated wheat in the Cerrado region of Mato Grosso on the contents and accumulations of N, K, and protein in the grains.
Materials and Methods

Overview
The field experiment was conducted in the Federal University of Mato Grosso (16°27′ S, 54°34′ W, 287 m of altitude). The climate of the region (Aw) is characterized by high temperatures, dry winter, and rainy summer according to Köppen-Geiger (Kottek et al., 2006) . During the evaluation period, mean temperatures were 25.9 and 25.7 °C for the years 2014 and 2015, respectively (Figure 1 ). Note. * Applied 15 days after sowing; ** According to the dose of each treatment; FTE BR12 contains 9% Zn; 1.8% B; 0.8% Cu; 2% Mn; 3.5% Fe; 0.1% Mo; SSP: single superphosphate; KCL: potassium chloride.
Water deficit estimated using reference evapotranspiration (ETo) and crop evapotranspiration (ETc) (Allen et al., 1998) was based on the data collected at the local agrometeorological station, installed 100 m away from the experiment. The water deficit was mitigated by application of water through a conventional sprinkler system. The total water volume received by the crop (irrigation + rainfall) corresponded to 498.15 mm in 2014 and 448.22 mm in 2015, uniformly distributed along the cycle.
The experiment was carried out until the ideal moisture for grain harvest was achieved (Portela et al., 2011) , which occurred at 93 and 108 days after sowing in 2014 and 2015, respectively. Harvest was performed by collecting plants from the evaluation area with manual tools and then separating the grains. Subsequently, grain samples were collected in each treatment (a simple sample of the total grains harvested in the plot), dried in an oven at a mean temperature of 65 ºC until constant weight and processed in a Wiley type mill with 1 mm thick sieves, being necessary 100 and 500 mg of ground material for nitrogen and potassium analysis, respectively. After that, the contents of total nitrogen and crude protein were determined by the Semi-micro-Kjeldahl method, whereas potassium contents were determined by flame photometry (Malavolta, 1997) .
Statistical Analysis
The results were subjected to analysis of variance by F test and polynomial regression (response surface) for the interaction between N and K doses. In case of no significant interaction, first-and second-order regression analyses were carried out using the program Statistical Analysis System (SAS, 2002) at 0.05 probability, except for N and protein contents in the second year, evaluated at 0.1 probability.
Results
Nitrogen and potassium had a different influence on the evaluated characteristics, with no significance for interaction between both in the two evaluation years. It is verified a greater influence of nitrogen and potassium in the accumulation of nitrogen in both years of evaluation. Table 3 presents the summary of the analysis of variance of the data with the mean squares, the mean of each variable and the coefficient of variation. Note. *, **, *** significant at 0.05, 0.01 and 0.0001% of probability, respectively; ns not significant, NC: nitrogen content; KC: potassium content; NA: nitrogen accumulation; KA: potassium accumulation; PC: protein content.
After two years of cultivation, there is an improvement in the chemical quality of the soil. The higher soil pH, as well as Ca and Mg contents and toxic Al correction, tend to provide better development of the wheat crop. It is also evidenced that soil K levels, even at the lower nutrient levels, have favored soil level elevation (Table 4) . Table 4 . Chemical analyses of the 0-0.2 m layer of the Oxisol collected in the experimental area (Rondonópolis-MT, Brazil, 2014 and Treat.
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Nitrogen Content
Nitrogen doses significantly influenced N contents in wheat grains, and the data fitted to quadratic and linear regression models in the first and second year, respectively (Figure 3 ). On the other hand, K fertilization did not influence N content in wheat grains in any of the years. The lowest N content in the grains in the first year of cultivation was caused by the N dose of 159 kg ha 
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Nitrogen Content
Although in the first year the effect was described by a quadratic model, linear responses of N and protein contents in the grains to increasing N doses seem to be a rule, because the increase in yield requires a greater supply of the nutrient. A study conducted in Ukraine in a Chernozem (soil with high natural fertility) found protein contents in wheat grains of 13.2 and 25.8% at the maximum N dose of 180 kg ha -1
, and K doses did not significantly influence grain quality (Polevoy et al., 2015) .
Considering that the area has been recently incorporated to the agricultural production and that the natural soil pH was corrected to ideal levels for cultivation, the mineralization of N from the organic matter may have been accelerated so that it increased N availability to plants and favored crop response to N fertilization.
A study on development, production, and nutrition of wheat fertilized with N and K under controlled conditions also found no significant interaction between these nutrients, but N had an individual effect on K accumulation in the grains, which fitted to a quadratic regression model (Carvalho et al., 2016) .
Studies on tracer isotopes in agricultural soils demonstrate that soil N mineralization provides most of the N absorbed by plants (Brady & Weil, 2013) . The increase in N content in the grains is partially due to the greater availability of N in the soil, from the N mineralization combined with the applied doses, which consequently led to greater translocation to the grains (Espindula et al., 2010) .
As the supply of a nutrient increases substantially, the yield increases up to a point in which the increments of yield and accumulation do not respond at the same rate as the increase in fertilization. Consequently, other factors, of meteorological, edaphic or genetic nature, become limiting to growth and development, or even the supply of another nutrient (Marschner, 2012) . This effect is commonly observed with N because, although it is highly required by crops, fertilizations with high doses do not always correspond with the same proportionality.
The wheat crop absorbs and accumulates most of the N needed until the early flowering, justifying the split fertilization in the vegetative stage to promote maximum N absorption and accumulation. If that does not occur, foliar application of N close to flowering has increased the crude protein content in the grains (Marschner, 2012) .
Managements for high yield, with greater N supply, require extra attention to guarantee the demand of the crop for other nutrients because there is a positive correlation between nitrogen and potassium, sulfur, calcium, magnesium, iron, zinc, and copper, which may result in reduction of yield and grain quality. Nitrogen positively influences the accumulation of macro-and micronutrients in the biomass, except phosphorus, manganese, and boron. Conversely, sulfur and iron contents increase in wheat grains with the increase in N, whereas K content decreases (Hamnér et al., 2017) .
Enzymes involved in nitrate (NO 3 -) assimilation such as nitrate reductase, glutamine synthetase, and glutamate synthetase had reduced activity under K deficiency in cotton, whereas the soluble protein content decreased due to the higher activity of protease and peptidase . Although indirectly, K influences N assimilation, reducing crop yield.
Nitrogen, a natural component of the amine group, plays a key role in the protein content of the grains, particularly albumins and globulins (Coskun et al., 2016) . Nitrogen is fundamental to determine the quality of the product produced from grains of wheat, the main cereal whose storage proteins can form gluten mesh with unique properties of elasticity and strength to produce sourdough bread (Cruz & Koblitz, 2011) .
Nitrogen Accumulation
Nitrogen and potassium fertilizations individually influenced N accumulation in both years of evaluation. A substantial part of the nutrients accumulated in the grains originates from the remobilization from other vegetative parts of the plants. In wheat, the percentage of N reallocated to the grains reaches 90%, thus all other plant parts work as a source and the grains as a sink of nutrients (Kong et al., 2016) . Considering that and comparing it with different amounts of N applied, the efficiency of recovery of the applied N by the crop does not seem to be high. N absorption is influenced by the presence of K because the pathways through which these elements are transported and used by plants significantly overlap, including the influences exerted by K ions on N nutrition and physiology, and vice versa (Kong et al., 2016) .
N accumulation in wheat grains in response to N and K applications increased substantially from the first to the second year, especially for the highest doses of N and K. Since the natural fertility of the soil is low, the increments in contents and accumulations of the nutrients in the wheat grains are believed to increase in the long jas.ccsenet.org Journal of Agricultural Science Vol. 10, No. 9; term, following the building of soil fertility.
Besides being a cellular osmotic activator and regulator, K plays a fundamental role in the transport of sucrose to the phloem at high apoplastic pH, at which the transport of this element to the phloem is reduced due to the decrease in the potential gradient (H + ). At high apoplastic pH, K can transport sucrose by reducing the electrochemical gradient, which results in the extrusion of H + , re-establishing the H + -ATPase (Mengel et al., 2001) .
Results obtained in studies on winter wheat as a function of the response to K fertilization in Luvisol in the North China Plain, with three levels of K fertilization and two levels of production practices, conventional and high yielding, also diverged from the results found in the present study; the authors observed that increments in K doses significantly increased K content in the grains (Niu et al., 2013) .
Potassium Accumulation
K accumulation as a function of N application in the first year was higher than that caused by K application. The mean difference is 6.79% between the N and K doses which caused highest K accumulation. This demonstrates that other factors, besides the availability of nutrients, influence absorption, assimilation, and translocation. This effect of N on K accumulation has also been reported in a study testing the interaction between N and K in a protected environment (Carvalho et al., 2016) .
K is an enzymatic activator and participates in the translocation and storage of assimilates, being a highly dynamic nutrient in the soil-plant system. In addition, it is fundamental for the maintenance of the osmotic equilibrium in plants, acting directly on stomatal opening and closure, with a key role in the tolerance to biotic and abiotic stresses (Meurer, 2006; Renade-Malvi, 2011) . These characteristics allow the maintenance of transpiration rates and, consequently, the absorption of water and nutrients.
The mean distribution of K in wheat plants is 2% in the roots, 72% in the shoots, 11% in the grains, and 15%in the straw. K does not tend to be remobilized from the other tissues to the grains, and its highest content is found in the shoots. Conversely, more than 70% of the total N absorbed is translocated to the grains, associated with their protein content (Fageria et al., 2011) .
In this context, it is worth highlighting that the interaction between N and K occurs in a dynamic manner and is influenced by various factors which act simultaneously, such as the form of N supply, levels of N and K in the soil, soil texture and environmental conditions. Even if adequate supplies of N and K result in increments in yield, quality and resistance to biotic and abiotic stresses, the above-mentioned factors may lead to the absence of significant interaction by synergism between the nutrients, although the interaction between them was evident (Zhang et al., 2010) .
In a study evaluating K dynamics in the soil and in the plant under mineral and organic fertilization with 30 years of evaluation in soils of the United Kingdom, Germany and Poland, researchers observed recovery rates of K from mineral fertilizer by the crops of up to 62%. Soils in which a greater fraction of the CEC was related to the organic matter led to the higher efficiency of mineral fertilization compared with those with a CEC related to soil colloids (Blake et al., 1999) .
Besides fertilization management, the production system has great influence on the yield. A study in Northeast China evaluating grain yield under different production practices and soil fertility levels found, through meta-analysis, that mulch can increase grain yield by more than 13% in comparison to the conventional cultivation system (Wang et al., 2018) . In fact, mulch induced mineralization and mobilization of phosphate improving its availability and uptake by plants
Protein Content
The reduction in protein content up to the N dose of 140 kg ha -1 in comparison to the absence of N fertilization in the first year can be attributed to the higher grain yield and decrease in the mean content of crude protein, as well as to the use in the mineralization of soil organic matter. At higher doses, the N supplied through fertilization was sufficient to minimize this effect and promote higher protein content in wheat grains. From the second year of evaluation, the response fits the expected pattern, with the linear response for N and protein contents in wheat grains.
Protein contents increment of approximately 10% more than the control found in the present study have also been reported in the grains as a result of N applications (0, 40, 80 and 120 kg ha -1 ) in wheat with grain protein content around 10% (Rathore et al., 2017) . In a study of the interaction between water depths and N doses (20, 50, 100, 200 and 400 kg ha -1 16.7%), reaching a maximum at 200 kg ha -1 of N (Boschini et al., 2011) .
Studies have reported increments in crude protein contents in wheat grains as a function of N fertilizer applied as top-dressing. Under conditions of low N availability, plants reduce the synthesis of proteins in the grains, generating grains with low protein contents (Pinnow et al., 2013) and was achieved 12.2% of crude protein associated to dose of 90 kg ha -1 of nitrogen applied in sowing and top-dressing of began tillering (Stefen et al., 2014) .
A study demonstrated the improvement in the nutritional quality of wheat grains with the application of ammonium sulphate associate with growth regulator, represented by the higher protein content (11.25% at 150 kg ha -1 de N) in the grains despite the reduction in the contents of phosphorus, potassium and manganese, with fit to a linear regression model as a function of the ammonium sulphate doses (Espindula et al., 2010) . A higher number of grains produced at the highest doses was pointed as a conditioning factor for the higher N accumulation and reduction in the contents of phosphorus, potassium, and manganese, although the levels of these nutrients in the soil are considered as adequate.
Conclusion
The contents and accumulations of nitrogen and potassium and the content of protein in wheat grains are influenced by nitrogen and potassium fertilizations. Although there was no interaction between treatments, the influence of potassium on nitrogen absorption is evident.
